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ABSTRACT. We discuss a revision of the standard model Par big bang 
nucleosynthesis which allows for the presence of generic particle 
species. The primordial production oP ‘He and D + 3He is calculated as 
a functfon of’ the mass, spin degrees oP freedom, and spin statisti s of 
the generic particle for masses in the range lo-’ ( m/m i 10 . The 2 
particular case of the Gelmini and Roncadelli majoron model for -massive 
neutrinos is discussed. 

1. INTRODUCTION 

The standard model oP big-bang nucleosynthesis(‘) has proved an 

$~:~~“~te~~o *) t 
for placing constraints on various aspects of particle 
With this in mind, we have developed a method which 

treats the effects of a generic particle species on primordial 
nucleosynthesis. In section 2 we review the pertinent Peatures of the 
standard model and continue in section 3 to discuss the alterations to 
the standard model which are necessary to include generic patdCleS. 
SeCtiOn II contains the results for some generic particles and section 5 
presents a discussion of a specific model for massive neutrinos. 

2. A REVIEW OF THE STANDARD MODEL 

hysics of big-bang nucleosynthesis consists of two distinct 
phase??3q During the First phase, characterized by T > 1 MeV 

h - c I k - 1). the rate of .weak 
is larger than the expansion rate, T 

neutrinos maintain thermal equili&??G 
Nucleons maintain chemical equilibrium 

and pe++nv interactions and the 
an equillbri&n value, 

3 OPerated by Unk*~*~tlel Relemch Association Inc. under contract with the United States Department ot Energy 



$1 - expc- +I ; 0 - m,., - mp - 1.293 MeV. (1) 

Neutrons nnd protons remain in equilibrium until weak InteraCtiOnS 
freeze out (i.e. r ) at a temperature T From this 
point, (n/p) slowlykdIc%$ges due to non-equili~r~$.~e!~~on decay until 
the onset of the second phase: nucleosynthesis. This second phase, 
characterized by T < 0.1 MeV, involves various nuclear interactions 
which proceed until r For T > 0.1 MeV, the formation of 
deuterium via np sup%ssed by-photodissociation due to the 
relatively low binding energy of the deuteron (2.2 MeV). The relative 
abundance of deuterons can be expressed 

where n is the nucleon-to-photon ratio. At T - 0.1 MeV, this bottleeeck 
is circumvented and the various n,p,d reactions create D, 3He, 3H, He, 
and 7Li. The lack of stable mass 5 and 8 nuclei, Coulomb barriers, and 
the relatively large binding energy of ‘He result in most Of the 
available neutrons being transformed into ‘He. 

Primordial helium-4 production’s dependence on these phases is 
described by three parameters: the nucleon-to-photon ratio n, the 

of effective radiative degrees of 
as the number of light neutrlno species 

earlier weak interactions freeze out, the greater 
Y Thus the increase in Y 
Yp: also 
cgnverting 

depends upon th& 
neutrons into 

decreases, the deuterium bottleneck breaks at higher temperatures. thus 
resulting in the increase of Y with increasi 

The primordial productioR of D and 
g, n. 

YHe .also depends on the 
efficiency 6f ‘He production. Nearly all D and 3He are processed into 

He and thus their abundance depends upon the nuclear interaction rate - 
ex ansion 

! 
rate interplay. Higher nucleon abundances.(n) mean faster 

D- He depletion while a faster expansion rate “*) leads to an earlier 
freeze out of 

9 
uclear interaotions, when D- antes are larger. 

Therefore, D and He decrease with increasing n or N;’ *. 

3. ALTERATIONS FOR GENERIC PARTICLES 

We have altered the original computer code of Wagoner C4) to 
correctly treat the additional physics of a generic particle species. HY 
generic particle, we mean a particle which maintains good thermal 
contact with either 
nucleosynthesis. 

As SUCh, $$or$ or light neutrinos througho;: 
generic particle can be described 

a temperature T.and has energy density and pressure 



$($wy*)'/*dE I 1 T4 
E e +0. 1 

(3) 

Pi(T) = 
(~‘-y*)3/*,~ 

I 

I 
T4 (4) 

eE+ei 

is the number of spin states, (e.g. g, = 2, gv = 1, g, = 
i2= q /T, and Si is +(-)l for fermions (bosons) (ln natural 

units a = TI I15 j . 
For T = 10 MeV, the universe is dominated by electrons, neutrinos, 

photons, 
1s the FRF&;;E f;~;;;tk?articles’ 

The entropy in a volume R3(t) (R(t) 
) can be decomposed into two parts: 

:‘Y = T t C2r(p,+p,) + p7 + pr + x O) 
i 

(Pi+PI)I (5) 

83 
s,, = y [*.N,(p, + p,) + 1 (“)bv + p,)]. 

” j 

The factor 2 results from consideration of particles and anti-particles. 
and the sums are over generic species 
contact with photons or light neutrinos. 

which maintain g?g? th;;wa,‘, 
Up until T - 3 MeV 

neutrinos and photons maintain thermal equilibrium via neuiral and 
charged current weak interactions and are described by the same 
temperature. Until this decoupling we have 

s-s 
Y + S” = constant (T 2 Tdec = 3 MeV) (7) 

Below T 
distribut %‘described P 

the decoupled light neutrinos maintain a thermal 
by TV and ue have 

% = constant = S (T =T =T Y Y v dec) 

%J = constant = SV(TV=Ty=Tdec) 
(T < Tdec) (8) 

Using the above formalism we can describe the dynamical evolution 
he universe through primordial nucleosynthesis as a FUnCtiOn Of 

The Scale factor. R(T ) can be expressed in terms of combinations 
like those ol” equations (3) and (4), as can the neUtrin0 

temperature T CT ). The expansion rate as a function of Ty follows from 
the field equxti%n 

2 
(iI = rex2p = y p 



or 

J dt -7/z / R(T 
Y )>I Y 

(10) 

The weak interaction physics is also a function of T 
through the phase space dependence of’ the initial and finalYst% ‘,? 
the interactions pv ++ ne, pe ++nv, and n ++ pev. We have supplemented 
Wagoner ’ 9 code by numerically 
interactions, 

calculating the ra@; P”,; ;;;t; 
including radiative and Coulomb corrections 

values of (Ty,Tv). 

4. RESULTS FOR GENERIC PARTICLES 

By assumption, a given generic particle species maintains good 
thermal contact through nucleosynthesis with either photons or light 
neutrinos and thus the physics of each generic species is completely 
specified by its mass, spin degrees of free om, 
annihilation mode. In figure 1 , we show the. e 

spin statistics, and 
He (a) and D+3He (b) 

yields for primordial nucleosynthesis with generic particles coupled 
either to photons or light neutrinos, having g - 1,2, and in the mass 
range 10s2 5 m/m, 5 102. All calculations were done with n 
10.6 min, and N = 3;O.’ Horizontal dashed lines indicate s andard mo el ‘? 2 

- 3, Tl/ - 

yields with thevindicated number of light neutrino species. 
The plots of Y and D+3He as a function of generic particle mass 

are mOSt easily .enderstood by considering three distinct regions 
characterized by m/m,: 

(I) m/me 2 10’ :75 Cm z 30 MeV) 

(11) 1 2 m/m, s 1O1’25 (o-5 MeV ( m s 10 MeV) 

(III) m/m, < 10-l (m ( 50 keV) 

These regions are indicated in figure l(a) and l(b). 
In all the graphs, we recover the standard model results for m 2 

30 MeV. Since a particle of this mass will be present only in trivial 
abundances at the time of primordial nucleosynthesis. In addition, 

8 eneric Particles COU led to photons and having m 5 50 keV overproduce 
3 He and underproduce D+ He because these particles act as “pseudo-light 

neutrinos” increasing pTOT, and because they dump most of their entropy 

~~~~~e~~~:e~~~~~“P~~sl 
necessitating a larger value of n during the 

Generic particles coupled to neutrinos do not alter 
n and thus these particles with masses below 50 keV act only as extra 
light nSUtPin0 degrees of freedom (the g - 1 particle is a boson and 
contributes slightly more to the energy density than its fermiOn 
counterpart). 

He need to consider the energy density as a function of T to 
understand the Y and D+3He production for generic particles in theYmass 
range 0.5 MeV -,?O MeV. The energy density for a universe containing a 
generic’): particle which annihilates to photons can be written: 
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T 4 

PX+Y ‘9 
- a T4+a (2) T4+f(y;)T;. 

1 y z Ty py’g -f 
(11) 

where the first term accounts for electrons and photons, the second for 
light neutrinos, 
P(y’) defined as T 4 nd the third for the X particles with yy = mx/Ty and 

stafidard model is 1 
times equation (3). The energy dengity of the 

ust 

4 
T ’ 

P 
STD - alTY 

2) 4 
+ a2(Ty STDT~ ’ (12) 

We see that for a given T ue can have p 
have an extra X particle, proqided x+Y’s < PSTD’ even though we 

T ’ T 4 
a2($)x+y,s + f(Yi) < a2(+) 

Y STD ’ 
(13) 

in this case9 (Tv/Ty)x+yys i (T,/T~)~~~, 
provided 

and thus inequality (13) holds 

T 4 
f(y:) < a2 + 

Y STD 
(14) 

It is possible for particles in the mass ranee 0.5 MeV - 10 MeV to 
satisfy this inequality 
underproduction of both 

$nd the sesulting. P,+~,, <~-pSTD causes an 
He and Dt He. 

In a similar way, it is possible to have a generic particle coupled 
to neutrinos which has a mass so that p 
the massless equivalent of th 

fi 
X). FoP’“~ae:e’P~HRe~i~e~~~t~,e~~~ty zz 

observe overproduction of He and D+3He relative to their extra iight 
neutrino counterparts. 

5. A SPECIFIC APPLICATION: HEAVY NEUTRINOS WITH MAJORONS 

AS a specific application of the generic particle approach, we have 

~;9,;~~;~,,;;?loe 
Pfects of a heavy neutrino. like that described in 

on primordial nucleosynthesis. In these models, 
neutrino masses &e generated 
global B-L symmetry, 

through the spontaneous breaking of a 
and as such they contain a Goldstone boson, the 

majoron. The symmetry breaking is accomplished by expanding the Higgs 
sector to Contain a triplet which couples to pairs of Permion doublet 
fields and acquires a non-zero vacuum expectation value (v.e.v.). The 
inclusion of the Higgs triplet introduces 6 massive scalars ‘to the 
theory, 5 of which have masses on the order of the doublet 
v.e.v. (250 GeV) times a coupling constant. The remaining scalar picks 
UP a mass similar to the heavy neutrino mass which in turn is 
proportional to the triplet v.e.v. The triplet v.e.v. is constrained 
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by limits on ma’oron cooling of various astrophysical objects to be less 
than -1 MeV.(‘lj 

In majoron models, the dominant interaction is the majoron q ed at d 
annihilations of heavy to light neutrinos which has a cross section t12e 

1 0 ann - - gHgL 6 ) 22( s-1 ) 
327 

(15) 

is the heavy (light) neutrino-majoron coupling, 6 the c.m. 
y. and s the total c.m. energy squared. It can be 

that such interconversions are sufficiently Past to keep the 
heavy neutrino in equilibrium with light neutrinos until after 
nucleosynthesis. 

Thus we can treat these heavy neutrinos as generic neutrinos 
coupled to light neutrinos in order to determine their effect on 
primordial nucleosynthesis. For simplicity we take light Higgs boson 
and heavy neutrino to have the same mass and take N 
T - 10.6 min. 

- 2. II,~ - 3. and 

N&&g that neutrinos less massive than about 1 MeV overproduce 
The results are shown in figure: 2(a) .anf 2(b). 

might try to decrease n to bring Y = He* (947 
but we can’t do this because thattlould make too much D+ He. 

25%. the accepted Yppefl 4 jm;;;,. ve 

conclude that majoron-type models with neutrino masses less than 1 HeV 
cannot reproduce observed primordial abundances. We also note’that 
astrophysical limits on the triplet v.e.v. imply that m < 1 MeV and 
thus it appears that astrophysical/cosmological argument3 can put severe 
constraints on the acceptable neutrino masses (i.e., ‘po6~,,l MeV only) in 
majoron-type modeis, if not rule them out completely. 
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